The recent discovery that the human and other mammalian genomes produce thousands of long noncoding RNAs (lncRNAs) raises many fascinating questions. These mRNA-like molecules, which lack significant protein-coding capacity, have been implicated in a wide range of biological functions through diverse and as yet poorly understood molecular mechanisms. Despite some recent insights into how lncRNAs function in such diverse cellular processes as regulation of gene expression and assembly of cellular structures, by and large, the key questions regarding lncRNA mechanisms remain to be answered. In this review, we discuss recent advances in understanding the biology of lncRNAs and propose avenues of investigation that may lead to fundamental new insights into their functions and mechanisms of action. Finally, as numerous lncRNAs are dysregulated in human diseases and disorders, we also discuss potential roles for these molecules in human health.
INTRODUCTION
Recent advances in technologies, such as tiling arrays and RNA deep sequencing (RNA-seq), have made it possible to survey the transcriptomes of many organisms to an unprecedented degree. Several studies utilizing these technologies have unequivocally demonstrated that the genomes of mammals, as well as other organisms, produce thousands of long transcripts that have no significant protein-coding capacity and thus are referred to as long (or large) non-coding RNAs (lncRNAs) (1) (2) (3) (4) (5) (6) . LncRNAs are strikingly similar to mRNAs: they are RNA polymerase II transcripts that are capped, spliced and polyadenylated, yet do not function as templates for protein synthesis (7) .
Although a functional lncRNA known as Xist was discovered and characterized in the early 1990s (8) (9) (10) , the prevailing view until recently was that such transcripts are rare and only a handful of functional lncRNAs are represented in the genome. However, numerous publications in the past several years have now documented important functions for lncRNAs, affecting many biological processes, including regulation of gene expression, dosage compensation, genomic imprinting, nuclear organization and compartmentalization, and nuclear-cytoplasmic trafficking (7, (11) (12) (13) (14) . It is very likely that additional functions for lncRNAs will be discovered, as only a small percentage of lncRNAs have been studied in detail to date. Furthermore, there are a number of studies that have shown many lncRNAs are dysregulated in various human diseases and disorders, although it is not yet clear if these lncRNAs are causal or symptomatic of the disease state (15, 16) .
In this review, we will discuss a number of important topics regarding lncRNAs: (i) How many functional lncRNAs are transcribed in mammals?; (ii) Known biological functions of lncRNAs; (iii) How do lncRNAs exert their effects? And finally, (iv) What are the potential roles of lncRNAs in human disease? Although in this review we will focus on mammalian lncRNAs, it is important to point out that lncRNAs are being actively investigated in many other organisms (17, 18) . cloning methods. Initially, these transcripts were thought to code for proteins, but subsequent experimental and bioinformatic data indicated that these transcripts lack long open reading frames (ORFs). The few lncRNAs known prior to the past decade were thought to arise sporadically in the genome (10, (19) (20) (21) . This picture changed radically when, in the early 2000s, the FANTOM consortium examined over 60 000 full-length cDNAs and identified over 11 000 lncRNAs in mouse (22) . A significant proportion of these transcripts is overlapping with, and is transcribed in the antisense direction, to protein-coding genes. They are thus referred to as natural antisense transcripts (NATs). Another independent study found that 40% of protein-coding genes in human cells also express NATs (23) . To date, numerous studies demonstrated that NATs regulate their overlapping protein-coding partners in cis, either concordantly or discordantly (6, 24, 25) . Furthermore, a number of studies have reported lncRNAs that are expressed solely from the introns of protein-coding genes (26, 27) .
More recently, it was reported that 'intergenic' regions of the genome, which were previously thought to be gene 'deserts' or 'junk' DNA, also express thousands of long non-coding RNAs, termed large intervening non-coding RNAs (lincRNAs) (1, (3) (4) (5) . Prior to advances in RNA sequencing (RNA-seq) technologies, lincRNAs were discovered by using a chromatin signature of actively transcribed genes (4, 5) . Essentially, actively transcribed protein-coding genes typically display a specific histone modification pattern: H3K4 trimethylation in the promoter region and H3K36 trimethylation in the body of the gene (28, 29) . By examining these chromatin marks genome-wide and eliminating those corresponding to protein-coding genes and microRNAs, it was shown that the human and mouse genomes produce over 3300 lincRNAs (4, 5) . Subsequently, RNA-seq experiments confirmed these observations and revealed an additional 5000 lincRNAs (1, 30) . It is now estimated that the human genome produces over 8000 lincRNAs, with 4500 of these considered to be high-confidence lincRNAs. These lincRNAs are multi-exonic, capped, polyadenylated and localized to the nucleus, cytoplasm or both. Intriguingly, many of these lincRNAs show tissue-specific expression patterns suggesting potential roles in cell identity (1, 4, 5) .
The exact number of distinct human lncRNAs, which consist of NATs, lincRNAs and intronic lncRNAs (Figure 1 ), is still a matter of intense debate. However, based on recent publications utilizing the most advanced sequencing platforms and algorithms to assemble transcripts from deep RNA-sequencing reads, the number of total lncRNAs (lincRNAs+NATs+intronic lncRNAs) is in the range of 20 000 transcripts. Nonetheless, whether the final number will be larger or smaller, it is now clear that the human and other mammalian genomes encode thousands of lncRNAs, yet neither the biological processes in which most of these molecules function, nor their mechanisms of action, have been determined (7) .
A crucial outstanding question is whether all lncRNAs are functional. Some have argued that the mere transcription of lncRNAs does not indicate functional significance, especially given that many of these transcripts do not appear to be conserved even between closely related species (1). In this view, establishing the functional significance of any individual lncRNA would require experimental evidence. To date, over 200 lncRNAs have been studied functionally and/or mechanistically. Although the depth of analysis varies considerably, many of these lncRNAs show evidence of functionality, at least in vitro. In contrast, only a few lncRNAs have been studied in animal models, with results suggesting that these few lncRNAs are not essential to the viability of the organism (31) . One intriguing hypothesis is that many lncRNAs are genetically redundant and therefore loss of one lncRNA is easily compensated for by one or more other lncRNAs. It is also critical to point out that mouse knockouts of many protein-coding genes are also viable and display no obvious phenotypes (32) . In summary, it is now clear that the human and other mammalian genomes produce thousands of lncRNAs (33) . Due to the complexity of the lncRNA population, it will be many years before we can elucidate the functions of all lncRNAs, particularly as many have multiple alternatively spliced forms. In an effort to expedite progress toward this important goal, some researchers are utilizing bioinformatic strategies such as 'guilt by association' or high throughput approaches such as siRNA/shRNA screens to home in on candidate lncRNAs for functional and mechanistic studies (4, 5, (34) (35) (36) . As elaborated in the next section, it is very likely that lncRNAs are involved in a wide range of biological functions as they have been implicated in key biological processes thus far.
KNOWN BIOLOGICAL FUNCTIONS OF LNCRNAS
Although only a very small percentage of all lncRNAs identified to date have been examined experimentally, an emerging paradigm suggests that lncRNAs function in many biological contexts. Thus far, lncRNAs have been implicated in such diverse processes as regulation of gene expression both in cis and in trans, guidance of chromatin-modifying complexes, X chromosome inactivation (Xi) and genomic imprinting, nuclear compartmentalization, nuclear-cytoplasmic trafficking, RNA splicing and translational control (11) (12) (13) (14) . In the following sections, we will discuss the evidence supporting the established roles in which lncRNAs function.
Regulation of gene expression by lncRNAs both in cis and in trans
Regulation of gene expression is a complex process that typically requires many factors and co-factors that either open up chromatin and make DNA accessible to RNA polymerases, or conversely, lead to chromatin condensation and DNA inaccessibility. Recent studies have clearly shown that a number of lncRNAs also contribute to gene regulation by various mechanisms (11) .
One of the best-studied lncRNAs to date is Xist, which is responsible for the initiation and spreading of X chromosome inactivation (Xi) in female somatic cells. Xist was discovered in 1991 and, despite having been studied extensively, the exact mechanism of Xist-mediated X chromosome inactivation is yet to be fully elucidated (37, 38) . Nonetheless, it is widely accepted that Xist is required for the silencing of hundreds of genes on the inactive X chromosome. It is thought that a small repeat region within Xist, which is referred to as RepA, is initially transcribed from both X chromosomes along with Xist's antisense partner Tsix (39) . Tsix, also a lncRNA, prevents RepA from binding to either X chromosome. However, post-cellular differentiation, RepA, in association with the chromatin-modifying complex PRC2 (polycomb repressive complex 2), binds to one of the two X chromosomes at the X inactivation center to initiate X inactivation (39) . Subsequently, production of full-length Xist from the X chromosome destined for inactivation, which also binds to PRC2, leads to the spreading of X inactivation from the X inactivation center to the entire X chromosome in cis (39) . On the active X chromosome, Tsix is believed to prevent Xist transcription and thus maintains an active chromatin state. It is currently not known what prevents Xist from 'escaping' the inactive X and acting on the active X or other chromosomes, in trans, or how Xist is prevented from silencing genes that escape X inactivation; as many as 20% of genes escape Xi in human females (40, 41) . Finally, it is worth noting that, in addition to Xist and Tsix, several other lncRNAs are transcribed from the X inactivation center and these also appear to play roles in the counting and choice in Xi (38, 42) . Once Xi is established, the inactive X chromosome is condensed into facultative heterochromatin and appears as a condensed round body (Barr Body) , usually at the periphery of nuclei (43) . The inactive X chromosome, in contrast to the active X and the autosomes, is marked with repressive chromatin marks and DNA methylation at CpG islands, with the exception of regions that escape Xi (41, 44, 45) .
Another epigenetic phenomenon that, similar to Xi, also utilizes lncRNAs to regulate gene expression is known as genomic imprinting (46) . The expression of imprinted genes depends on their parental origin, and the level of differential expression of the two alleles of an imprinted gene can vary from one imprinted gene to another. Since imprinted genes play critical roles in mammalian development, their expression must be tightly regulated (47) . Intriguingly, many imprinted gene loci express, in addition to mRNAs, a significant number of lncRNAs that appear to play major roles in regulating the expression of neighboring imprinted protein-coding genes in cis (48) . One such lncRNA is Air, which is monoallelically expressed from the paternal allele, associates with the histone methyltransferase G9a and localizes to chromatin to silence three imprinted genes known as Slc22a3, Slc22a2 and Igf2r in cis (49) . Ablation of Air results in the biallelic expression of Slc22a3 and loss of G9a recruitment to the Slc22a3 promoter, suggesting that Air plays a role in guiding the methyltransferase G9a to chromatin at the Slc22a3 promoter (49) . In a similar mechanism to Air, the lncRNA Kcnq1ot1 also regulates the expression of imprinted genes in a lineage-specific manner by directing G9a, PRC2 and Dnmt1 to the Kcnq1 locus in cis (50, 51) . Collectively, these observations and others suggest that lncRNAs are intimately involved in regulating the expression of imprinted genes, potentially in a complex and layered manner.
In contrast to Air and Kcnq1ot1, which regulate gene expression in cis, an elegant study from Rinn et al. (52) led to the discovery of an intervening lncRNA (lincRNA), HOTAIR, that regulates human HOXD genes expression in trans. Subsequent studies demonstrated that HOTAIR regulates gene expression in trans on a genome-wide scale by associating with the chromatin-modifying complexes PRC2, LSD1 and CoREST/REST (4, (52) (53) (54) . HOTAIR guides as well as serves as a scaffold for PRC2 and LSD1/CoREST complexes at their endogenous target genes (54) . Subsequently, the LSD1/CoREST complex demethylates histone H3 at lysine 4 (H3K4), while PRC2 methylates histone H3 at lysine 27 (H3K27) leading to the loss of an activating histone mark (i.e. H3K4 dimethylation) and the gain of a repressive histone mark (H3K27 trimethylation) at genes targeted by HOTAIR (54) . In contrast to the human HOTAIR, mouse Hotair does not appear to regulate Hoxd genes suggesting that HOTAIR may have distinct functions in human and mouse (31) .
In addition to the lncRNAs discussed earlier, several other human and mouse lncRNAs (e.g. Tug1, linc-P21, PANDA, Evf-2 and others) have also been shown to regulate gene expression by guiding their protein partners to specific genomic loci (4, 34, 36, 55, 56) . Collectively, these studies demonstrate that lncRNAs regulate gene expression in trans as well as in cis. However, the molecular mechanisms that determine a lncRNA's ability to regulate gene expression in cis versus in trans are not currently known. It is likely that the sequences and/or the secondary structures of lncRNAs inherently affect their mechanisms of action, an area of lncRNA research that remains in its infancy due to lack of appropriate tools.
A subset of lncRNAs is required for maintaining pluripotency
The ability of a stem cell to give rise to all three germ layers (endoderm, mesoderm and ectoderm) is referred to as pluripotency. Previous studies have identified key transcription and chromatin remodeling factors that are required for maintaining pluripotency (57, 58) . Intriguingly, some of these transcription factors were found to bind to the promoters of over 100 lincRNAs in mouse ES cells (5) . Subsequently, another study found that two lncRNAs, which are regulated by the transcription factors Oct4 and Nanog, to be essential for maintaining pluripotency (59) . Furthermore, the authors found that knockdown and overexpression of these two lncRNAs results in dramatic changes in Oct4 and Nanog mRNA levels, pointing to the involvement of a feedback loop in the regulatory mechanism (59) .
Recently, the role of lincRNAs in pluripotency was examined in a high throughput manner using shRNAs in mES cells (34) . The authors demonstrated that 26 lincRNAs are required for the maintenance of pluripotency, as knockdown of each lincRNA led to either an exit from the pluripotent state or activation of lineage commitment programs. Since some of these lincRNAs interact with chromatin-modifying complexes, they could potentially guide and/or serve as scaffolds for such complexes at specific gene loci that are critical for maintaining the pluripotent state. It is also possible that some lincRNAs function as 'environmental sensors' that alert stem cells to maintain pluripotency or to differentiate depending on changes in the environment. Indeed, a recent study identified a lncRNA termed ANCR (Anti-differentiation non-coding RNA) that is required for maintaining cells in an undifferentiated state in the epidermis (60) . Future studies are needed to dissect the exact roles of lncRNAs in maintaining pluripotency and promoting cellular differentiation programs.
Nuclear organization: Paraspeckle formation requires the lncRNA NEAT1
Regulation of gene expression is a complex process and can take place at the transcriptional, co-transcriptional, posttranscriptional and translational levels. Recently it was suggested that nuclear structures known as paraspeckles may regulate gene expression post-transcriptionally by the retention of hyperedited mRNAs in the nucleus (61) (62) (63) (64) . Paraspeckles are identified cytologically based on the presence of a few protein components, which include PSP1, PSP2 and p54 (63) . Although the function of PSP1 is not known, PSP2 is involved in splicing, while P54 is involved in splicing as well as several other processes including transcriptional regulation, DNA unwinding and nuclear retention of hyperedited dsRNA (61) (62) (63) 65) . Typically, each nucleus contains several paraspeckles, which are dynamic structures and require ongoing RNA polymerase II transcription (65) . During telophase, when transcription is shut down, and in cells treated with drugs that inhibit RNA polymerase II, paraspeckles disappear (61) (62) (63) .
Intriguingly, the formation and maintenance of paraspeckles require the lncRNA NEAT1 (nuclearenriched autosomal transcript 1), which localizes exclusively to paraspeckles (61, (65) (66) (67) . Paraspeckles are dynamic structures that are absent in embryonic stem cells but appear after differentiation coincident with NEAT1 activation (61) (62) (63) . Moreover, depletion of NEAT1 is sufficient to cause loss of paraspeckles in the nucleus, and overexpressing NEAT1, but not paraspeckle-associated proteins, leads to an increase in the number of paraspeckles suggesting an essential role for NEAT1 in paraspeckle formation and/or integrity (61, 62, 65) . Although the mechanism of NEAT1 mediated paraspeckle formation is not completely clear, it is possible that NEAT1 serves as a scaffold for proteins involved in paraspeckle formation, and therefore loss of NEAT1 prevents the ability of these proteins to co-localize. It would not be surprising if future research uncovers other lncRNAs that are involved in forming or maintaining the integrity of other nuclear and/or cytoplasmic structures.
Regulation of alternative splicing by lncRNAs
Alternative splicing of pre-mRNAs increases the proteomic complexity of cells by resulting, in many cases, in several protein products with non-overlapping functions from a single mRNA. The lncRNA MALAT1 (metastasisassociated lung adenocarcinoma transcript 1), which was initially identified in a screen for genes associated with metastasis, plays a critical role in pre-mRNA alternative splicing (68) . MALAT1 localizes to nuclear speckles, which contain several proteins that are known to be involved in alternative splicing (68) . Furthermore, depletion of MALAT1 is sufficient to alter the alternative splicing patterns of a subset of mRNAs (68) . It appears that MALAT1 forms a molecular scaffold for several proteins present in nuclear speckles, as well as modulates the phosphorylation of SR proteins (68) . SR proteins are serine/arginine-rich proteins which are involved in the regulation and selection of the splice sites in pre-mRNAs. By regulating the phosphorylation of SR proteins, MALAT1 may thus regulate the cellular levels of active SR proteins and subsequently the splicing of many pre-mRNAs (68) . Finally, it remains to be determined if other lncRNAs may also play a role in alternative splicing. Performing biochemical assays such as RNA co-immunoprecipitation followed by deep sequencing of RNAs (RIP-seq) on proteins that are known to be involved in alternative splicing may lead to the identification of other lncRNAs with functions similar to MALAT1.
HOW DO LNCRNAS EXERT THEIR EFFECTS?
Thus far lncRNAs have been implicated in numerous biological functions and pathways, and their mechanisms of actions are very diverse ( Figure 2) (7,11) . Here we will discuss several mechanisms by which lncRNAs exert their effects, although it is worth noting that in every case much remains to be learned about the detailed mechanism of action.
lncRNAs 'guide' chromatin-modifying complexes to specific genomic loci in cis and in trans Cellular identity in an organism is determined by epigenetic factors that modulate specific gene expression programs (69) . These epigenetic factors, such as chromatin-modifying complexes and DNA methyltransferases, activate and repress specific genes by enzymatically modifying chromatin and DNA (70) . One of the most puzzling questions in biology is how do these ubiquitous enzymes, which lack DNA binding capacity, recognize their target genes in the various cell types. Emerging evidence suggest that some lncRNAs 'guide' chromatin-modifying complexes as well as other nuclear proteins to specific genomic loci to exert their effects (14, 71, 72) . In essence, some lncRNAs may function as 'GPS' devices to target other cellular components to their sites of action. Below, we will highlight several examples of lncRNAs that have been shown to possess such activity.
As discussed previously, the lncRNA HOTAIR directs the chromatin-modifying complexes PRC2 and LSD1 to numerous gene loci on a genome-wide scale in trans (4, (52) (53) (54) . By contrast, other lncRNAs, such as Air, Kcnq1ot1 and Evf-2, target chromatin-modifying complexes to their target genes in cis (39, 49, 50, 56) . Currently, the sequence of events that leads to a lncRNA-mediated guidance of a protein complex to chromatin have not been fully elucidated. However, recent evidence suggests that lncRNAs may bind to chromatin first, and then serve as docking stations for chromatin-modifying complexes. In support of this model, a recent study, which utilized a novel technology that allows the genomic occupancy of a lncRNA to be determined, found that HOTAIR localizes to chromatin independent of its protein-binding partner PRC2 (73) .
Since numerous lncRNAs are known to bind to chromatin-modifying complexes (4, 74) , it is conceivable that many of these lncRNAs also function by 'guiding' their protein partners to chromatin. To fully understand this mechanism of action, a number of key questions must be addressed: (i) Are there specific motifs in lncRNAs that are responsible for the targeting mechanism to specific genomic regions? (ii) How do proteins recognize and specifically bind to certain lncRNA(s) but not others? (iii) Do these lncRNAs directly interact with DNA to form lncRNA:DNA hybrids or triplexes or (iv) do DNA binding proteins serve as intermediates between a lncRNA and DNA? These key questions will be critical to answer in order to fully understand the mechanisms through which chromatin-associated lncRNAs function.
lncRNAs serve as structural links in ribonucleoprotein complexes (RNPs)
While it is clear that the majority of RNA does not float around in the cell naked but rather is complexed with protein, the precise molecular composition of most ribonucleoprotein complexes (RNPs) has not been determined. Recent studies have shown that many lncRNAs exist in the cell as part of RNPs (71) . Thus far, lncRNAs have been shown to form RNPs with chromatin-modifying complexes, transcription factors, splicing factors, as well as other classes of proteins (71) . For example, as discussed earlier, HOTAIR forms a RNP with the chromatinmodifying complexes PRC2 and LSD1/CoREST (54) . Mutational analysis of HOTAIR revealed that HOTAIR integrity is required for PRC2 interaction with LSD1/ CoREST (54) . This suggests that, in addition to HOTAIR's role in guiding PRC2 and LSD1 to chromatin, HOTAIR also serves as a structural bridge between PRC2 and LSD1/CoREST at endogenous target genes. Also, Xist has recently been shown to interact with the transcription factor YY1, which helps tether Xist, and consequently PRC2, to the inactive X chromosome (75) . In essence, Xist appears to be forming a molecular bridge between YY1 and PRC2 to repress genes on the inactive X chromosome.
The lncRNAs NEAT1 and MALAT1 form molecular scaffolds for several proteins that are core components of paraspeckles and speckles, respectively (61) (62) (63) 68) . It is not currently known how lncRNAs recognize their protein partners and initiate the formation of these nuclear compartments. It is possible that secondary structures of lncRNAs contribute to the specificity of lncRNAs interactions with their protein partners. Mutation analysis of structural lncRNAs may lead to the identification of lncRNA 'domains' that are critical for their functions as molecular scaffolds. In summary, lncRNAs appear to provide an extensive infrastructure within the nucleus, and potentially in the cytoplasm, that makes it possible for various proteins to co-localize and coordinate their functions to accomplish a specific biological function (71) . Disruption of such lncRNAs may lead to undesired biological consequences (76) .
LncRNAs regulate distinct transcriptional programs
A few lncRNAs have been shown to be activated in response to specific stimuli, and subsequently activate specific transcriptional programs that allow the cell to respond to these stimuli. For example, lncRNAs, such as linc-P21, PANDA, Tug1 and others, are transcriptionally activated in response to DNA damage by the direct binding of the tumor-suppressor protein p53 to their promoters (4, 5, 36, 55) . Subsequently, these lncRNAs regulate gene expression by distinct pathways. Linc-P21, which represses numerous genes in the p53 pathway, requires the RNA/DNA binding protein hnRNP K and other as yet unidentified factors (36) . By contrast, the lncRNA PANDA, which is also activated by p53, requires the downstream effector NF-YA to regulate the expression of pro-apoptotic genes (55), while Tug1 functions via its interaction with the chromatin-modifying complex PRC2 (4).
The lncRNA Gas5 (growth arrest specific 5), which is highly expressed in cells that have arrested growth, serves as a negative regulator of glucocorticoid receptors (GR), a specific class of nuclear receptors (77) . Gas5 interacts directly with the DNA binding domain of GRs, preventing them from binding to their DNA response elements, thereby in effect acting as a molecular decoy (77) . The ability of a lncRNA to modulate the effects of a transcription factor can lead, in some cases, to significant changes in gene expression and subsequently profound effects on the cells ability to respond to external stimuli. Further studies are needed to determine the underlying mechanisms of how a lncRNA, once activated, modulates the activity of transcription factor(s) to allow the cells to respond to their environment.
Regulation of microRNAs by lncRNAs
In 2007, a study in Arabidopsis thaliana found the non-coding RNA IPS1 to bind to the microRNA miR-399 and block its ability to regulate PHO2 mRNA (78) . Recently, evidence came to light suggesting that some mammalian lncRNAs may also regulate gene expression post-transcriptionally by binding to miRNAs, and consequently preventing specific miRNAs from binding to their target mRNAs. In a 2011 published study, it was demonstrated that a lincRNA, linc-MD1, serves as a 'sponge' for two miRNAs, which regulate transcription factors involved in muscle differentiation (79) . These findings are very intriguing since they demonstrate that distinct classes of non-coding RNAs cooperate to regulate gene expression. It is conceivable that other lncRNAs can also serve as 'sponges' for miRNAs in a tissue and developmental stage-specific manner.
However, it is not clear how cells regulate the expression levels of lncRNAs and miRNAs, and how lncRNAs receive a signal to bind or not to bind a miRNA. Potentially, novel protein partners of lncRNAs may be critical for regulating lncRNAs interactions with miRNAs in a spatial and temporal manner. There are many key questions, which are yet to be determined regarding this mechanism of lncRNA-mediated regulation, that will require tremendous effort to answer but are key to understanding this mode of action.
WHAT ARE THE POTENTIAL ROLES OF LNCRNAS IN HUMAN DISEASE?
In contrast to the extensive evidence that links dysregulation of protein-coding genes to disease etiology, to date only a few lncRNAs have been implicated in human disease (76) . However, we are beginning to observe, in some cases, strong associations between lncRNAs and human disease, and it is reasonable to expect that a concrete, mechanistic understanding of these connections will emerge in the coming years. Since both the role of lncRNAs dysregulation in human disease and their molecular mechanisms remain unclear, it is timely to ask important questions such as: (i) How many lncRNAs are differentially regulated in a given human disease compared to healthy counterparts? (ii) What are the molecular and biological functions of lncRNAs that are dysregulated in human disease? (iii) Do disease-specific lncRNAs change their subcellular localization? (iv) How stable are lncRNAs and is their stability altered in various disease states? Thus, an immediate goal of lncRNA research is to determine whether lncRNAs are useful signatures for early disease detection, or can be used as candidate drug targets for disease intervention (80) .
LncRNAs have been found to be dysregulated in a wide range of human diseases and disorders, including various types of cancers. This includes breast cancer (53), colorectal cancer (81), prostate cancer (82), hepatocellular carcinoma (83) (84) (85) , leukemia (86, 87) , melanoma (88) and possibly others (76, 89 ). On a more mechanistic level, recent studies have revealed the contribution of lncRNAs as protooncogenes, e.g. GAGE6 (90), as tumor suppressor genes, e.g. 'p15 antisense RNA and lincP21' (36, 91) , as drivers of metastatic transformation, e.g. HOTAIR in breast cancer (53) , and as regulators of alternative splicing, e.g. MALAT1 (68) .
Although the entire mechanisms of action of most lncRNAs that are dysregulated in cancer have not been fully elucidated, a number of studies have provided some insights into the mechanisms of few such lncRNAs. For example, the lncRNA linc-P21 functions as a repressor in the p53 pathway by directing the RNA/DNA binding protein hnRNPK to chromatin (36) . The lncRNA, SPRY4-IT1, which is up-regulated in human melanomas compared to melanocytes and keratinocytes, affects cell dynamics, including increased rate of wound closure upon ectopic expression. This suggests that the higher expression of SPRY4-IT1 may have an important role in the molecular etiology of human melanomas (88) .
Aside from their roles in cancer, lncRNAs are known to be dysregulated in several other diseases, including heart disease (92,93), Alzheimer's disease (94) , psoriasis (95) , spinocerebellar ataxia type 8 (96) and fragile X syndrome (97) . Finally, we refer the reader to an excellent review article that covers the role of lncRNAs in human disease in depth (76) .
CONCLUDING REMARKS
The discovery of thousands of lncRNAs has certainly changed our view of the complexity of mammalian genomes and transcriptomes, as well as many other aspects of biology including transcriptional and posttranscriptional regulation of gene expression. To date, we have only scratched the surface in terms of elucidating the functions and mechanisms of lncRNAs; nonetheless, recent studies suggest that lncRNAs are likely to exert their effects by diverse mechanisms (7, 11, 13, 14, 16, 71, 72, 76) . In many cases lncRNAs have been shown to work cooperatively with proteins by forming ribonucleoprotein complexes (RNPs) (71) . These RNPs appear to depend on their lncRNA constituent(s) for proper localization to specific regions within the cell, as well as to coordinate the interactions between protein complexes that do not have interacting domains (4, (52) (53) (54) 68, 98, 99) . Furthermore, lncRNAs appear to be intimately associated with both chromatin and chromatin-modifying complexes suggesting that lncRNAs are critical for genome organization and regulation of gene expression at the transcriptional levels (11, 14, 72, 73) . Lastly, since lncRNAs show strong tissuespecific expression, they are likely to play a major role in cell identity and spatial organization in multicellular organisms (1, 4) . We envision that lncRNAs work within complex networks involving proteins and other types of ncRNAs (e.g. miRNAs) to achieve a system level of cellular organization.
The studies discussed earlier and others clearly demonstrate that lncRNAs, or at least the ones that have been examined to date, are functional, despite lack of conservation in many cases even among closely related species. This conundrum could be explained by the hypothesis that lncRNAs rely on 'conserved' secondary structures and not their primary sequence to perform their functions. This hypothesis would help explain how many lncRNAs with distinct sequences bind the same protein complex (4, 34, 71) ; as well as how lncRNAs have functional orthologs that are not conserved at the sequence level (100). Currently, there are no reliable methods to determine the secondary structures of lncRNAs, and thus, the above hypothesis remains to be experimentally tested. However, an emerging technology that is referred to as parallel analysis of RNA structure (PARS), which is based on deep sequencing of RNA fragments that have been treated with structure-specific enzymes, has shown promise in predicting secondary structure of RNAs in yeast (101) . This technology can potentially be modified to perform similar analysis in higher eukaryotes. Finally, it can not be excluded that a small percentage of lncRNAs encodes short peptides (102).
Dysregulation of lncRNAs, which has been observed in numerous human diseases, suggest that lncRNAs can be utilized in medicine as biomarkers and/or drug targets (76) . Such therapies would be useful in cases where drugs designed to target proteins have failed, or even in conjunction with available drugs in order to enhance their effects. For example, a previous study found that knocking down a lncRNA enhances the effects of chemotherapeutic drugs in vitro (103) .
In conclusion, the potential roles of lncRNAs in biology and medicine could be tremendous, and will require many years of intensive research before they can be fully deciphered and applied. However, if recent publications are an indication of the progress in this area of scientific research, then this field is certainly moving at a supersonic speed.
